Abstract This study investigated the association between pre-breeding blood urea nitrogen (BUN) concentration and reproductive performance of beef heifers within different management systems in South Africa. Bonsmara heifers (n= 369) from five herds with different estimated levels of nitrogen intake during the month prior to the commencement of the breeding season were sampled in November and December 2010 to determine BUN concentrations. Body mass, age, body condition score (BCS) and reproductive tract score (RTS) were recorded at study enrolment. Trans-rectal ultrasound and/or palpation was performed 4-8 weeks after a 3-month breeding season to estimate the stage of pregnancy. Days to pregnancy (DTP) was defined as the number of days from the start of the breeding season until the estimated conception date. Logistic regression and Cox proportional hazards survival analysis were performed to estimate the association of pre-breeding BUN concentration with subsequent pregnancy and DTP, respectively. After stratifying for herd and adjusting for age, heifers with relatively higher prebreeding BUN concentration took longer to become pregnant when compared to those with relatively lower BUN concentration (P=0.011). In the herd with the highest estimated nitrogen intake (n=143), heifers with relatively higher BUN were less likely to become pregnant (P=0.013) and if they did, it was only later during the breeding season (P=0.017), after adjusting for body mass. These associations were not present in the herd (n=106) with the lowest estimated nitrogen intake (P>0.500). It is concluded that Bonsmara heifers with relatively higher pre-breeding BUN concentration, might be at a disadvantage because of this negative impact on reproductive performance, particularly when the production system includes high levels of nitrogen intake.
Introduction
Ruminants are capable of maintaining adequate nitrogen levels for microbial protein synthesis in the rumen even during times of nitrogen scarcity, mainly by recycling nitrogen back into the rumen and by reducing the amount excreted into urine, faeces and milk (Erickson and Klopfenstein 2010; Dijkstra et al. 2011) . However, the limits of this physiological adaptation are still unknown (Muscher et al. 2010) . The efficiency of nitrogen retention in feedlot cattle is low, with only 10-15 % of dietary nitrogen retained in tissues (Bierman et al. 1999 ) and the remainder being excreted. However, lower proportions may be excreted by cattle in extensive production systems where the level of nitrogen intake is relatively lower.
Blood urea nitrogen (BUN) is the major end product of nitrogen metabolism in ruminants. It has been suggested in dairy cattle that BUN concentration can be used to monitor the efficiency of nitrogen utilisation, where high concentrations are indicative of inefficient utilisation of dietary nitrogen (Nousiainen et al. 2004) . This is, however, contrary to the review of Schoeman (1989) , who suggested that Nguni cattle with higher BUN concentrations were more capable of maintaining body condition during winter periods, suggesting that they were more efficient retainers of nitrogen. Although the study of Kohn et al. (2005) demonstrated a linear relationship between BUN concentration and urinary nitrogen excretion rate in many species, the exact association between relative BUN concentration and the efficiency of nitrogen retention in grazing beef cattle remains unclear.
BUN is synthesized in the liver, and can have variable concentrations without causing any adverse effects to the fertility of cattle. However, concentrations above 20 mg/dl at the time of breeding may lead to reduced fertility in dairy cattle (Ferguson et al. 1993) . Elevated BUN concentration decreases uterine pH, which is thought to have a negative effect on embryo development and implantation (Elrod and Butler 1993) . It has been suggested, however, that the negative association between high BUN concentration and reproductive outcome might be confounded by a concurrent energy deficit (Staples et al. 1990 ). BUN concentrations below 7 mg/ dl at breeding have been reported to also be associated with reduced reproductive performance due to protein deficiency (Carlsson and Pehrson 1993) . In their review Jorritsma et al. (2003) concluded that the effects of urea on fertility are likely to occur during cleavage and blastocyst formation of the fertilised embryo, whereas the effects of high levels of ammonia in the blood are probably exerted prior to ovulation. It is estimated that follicles start to develop about 100 days prior to ovulation (Britt 2008) .
BUN concentration, and hence the efficiency of nitrogen retention, is believed to vary between and within cattle breeds (Schoeman 1989; Chase et al. 1993) . Several studies have also reported genetic variation in milk urea nitrogen (MUN) concentration (indirect indication of BUN concentration) between cows of the same breed, suggesting genetic differences in nitrogen utilisation efficiency (Stoop et al. 2007; Bouwman et al. 2010; Hossein-Zadeh and Ardalan 2011) . Possible reasons for this variation include differing grazing habits or differences in the rate of urea excretion by the kidneys (Schoeman 1989 ). Other known sources of variation in BUN concentration are dietary protein and energy levels, hydration status at time of sampling, time of sample collection, age of the animal, dry matter intake and the particular method of analysis (Godden et al. 2001; Kauffman and StPierre 2001; Rajala-Schultz and Saville 2003; Hossein-Zadeh and Ardalan 2011) . Mitchell et al. (2005) demonstrated that variation in MUN is genetically determined and has a heritability of 0.15. The objective of this study was to determine if the relative BUN concentration within a herd was associated with reduced reproductive performance in Bonsmara heifers within different management systems.
Materials and methods

Study locality and study herds
Nulliparous Bonsmara heifers (n=369) were enrolled from five herds in South Africa (Herds A-E according to sampling order). Herds that met study criteria (practised a 3-month restricted breeding program starting on the first of December, performed a veterinary breeding soundness evaluation of bulls before the onset of the breeding season and kept records of birth dates and body mass of their animals) were identified by convenience sampling. All herds were located between the latitudes 23°21′53″ and 27°29′9″ S. Herds A, C and D were managed on sourish mixed bushveld in the Limpopo Province. Herd B was managed on sweet mixed bushveld in the Limpopo Province whereas Herd E was managed on sour veld in the Free State Province. In all herds, lick supplements were delivered in feed troughs onto the pasture and intake was estimated according to the manufacturer's recommendations.
Herds A and C were commercial cow-calf herds whereas B, D and E were registered breeding herds. All herds practised a 3-month restricted breeding program starting on the first of December each year. Breeding bulls were determined to be breeding sound prior to the breeding season as described by Irons et al. (2007) . Facilities on the farms did not allow heifers to have access to feed while in the holding pens and access to drinking water was only available for Herds A, B and D.
Heifers in Herd A were bred by four bulls in one multisire group. These heifers were managed extensively on pasture and received a 46 % crude protein (CP) commercial protein lick supplement (Protein lick with oil cake, KK Animal Nutrition, South Africa). The recommended daily intake of 450 g/heifer/day was maintained throughout the dormant season. The supplement was changed to a commercial mineral lick (Phossure 6, KK Animal Nutrition) approximately 2 months before the beginning of the breeding season. The CP content of the pasture during the month prior to the onset of breeding was estimated at 7.8 % (Bransby 1988 ) and the level of nitrogen in dietary intake was estimated to be low (Table 1) . Only the month of birth of heifers in this herd was recorded, and a date of birth on the 15th day of the month of birth was assigned to each heifer for analytical purposes.
Heifers in Herd B were bred by natural service in a single sire group. These heifers were managed extensively on natural pasture (CP content estimated at 6.9 %; Bransby 1988) and a commercial production lick supplement containing 27 % CP (Summer Production lick for growth, KK Animal Nutrition) was provided throughout the dormant season at the recommended intake of 1,000 g/heifer/day. The supplement was changed to a higher energy lick supplement containing 18 % CP (Beef Booster 18, Meadow Animal Feeds, South Africa), at the recommended intake of 500 g/heifer/day at the beginning of the breeding season. The level of dietary nitrogen intake of heifers in this herd during the month prior to breeding was estimated to be moderate (Table 1) . Heifers in Herd C were artificially inseminated after synchronisation with progesterone impregnated intravaginal devices (CIDR Easy Breed, Pfizer Animal Health), followed by natural mating with one bull. This herd was managed semiintensively on irrigated oat pastures (estimated to contain 9 % CP; Bransby 1988) with an 18 % CP commercial production lick supplement (Production lick, Driehoek Feeds, South Africa) during the 2 months prior to the breeding season (recommended lick intake 1,000 g/heifer/day). The level of dietary nitrogen intake in this herd during the month prior to the onset of breeding was estimated to be moderate (Table 1) . At the beginning of the breeding season, heifers were moved to natural pasture where they received a commercial mineral lick supplement (Phossure 6; KK Animal Nutrition) ad lib, intake estimated at 60-100 g/heifer/day.
Heifers in Herd D were bred by natural service in a single sire group. The herd was managed extensively on natural pasture (CP content estimated to be 7.8 %; Bransby 1988) with a 45 % CP commercial protein lick supplement (Voermol Dundee lick, Voermol, South Africa) that was provided during the dormant season (estimated intake 450 g/heifer/day). The total dietary nitrogen intake during the month prior to the onset of breeding was estimated to be high (Table 1 ). The protein supplementation was replaced with a commercial mineral lick (Phossure 6; KK Animal Nutrition) at the beginning of the breeding season with an estimated intake of 60-100 g/heifer/day.
Heifers in Herd E were bred by natural service in multisire groups of 3-4 bulls per 100 heifers. They were managed semiintensively on irrigated rye grass pastures with an estimated CP content of 19.5 % (Bransby 1988) and supplemented with an 18 % CP energy lick (Produksielek 180; Saamstaan Feeds Vrede, South Africa) that was specifically made for this farm starting 5 months prior to the onset of the breeding season. The recommended intake for this lick was 1,000 g/heifer/day. The total dietary nitrogen intake during the month prior to the onset of breeding was estimated to be very high (Table 1) . Heifers were moved to natural pasture (over-sown with Themeda triandra) on the first day of the breeding season and provided with a commercial mineral lick (Phossure; KK Animal Nutrition) at the recommended intake of 100 g/ heifer/day. Sampling in Herd E was performed over two consecutive days.
Study design and data collection
The sample size was estimated based on the normal approximation to the binomial for the comparison of two proportions assuming equal group sizes at a power of 80 % and an allowable alpha error of 5 %. It was assumed that animals with higher levels of BUN would have a pregnancy proportion of 85 % compared to other heifers in which the proportion was expected to be 95 % based on the industry standard of a 90 % pregnancy proportion. The sample size was calculated as 160 heifers per group and increased by 10 % (352 total) to account for losses during follow-up (Fosgate 2009 ).
Data were collected during two farm visits, the first being within 1 week prior to the commencement of the breeding season during which blood samples, age, body mass, body condition score (BCS) and reproductive tract score (RTS) data were collected. A second visit was conducted 4-8 weeks after the termination of the breeding season for pregnancy testing.
Heifers were restrained in a crush and blood samples were collected by venepuncture from the coccygeal vein or artery into evacuated 4-ml serum tubes (Becton Dickinson; BD vacutainer CAT, silicone clot activator). Blood samples were centrifuged at 4,000 rpm for 8 min immediately after clot formation, separated into micro centrifuge tubes (2 ml) and frozen in a portable freezer at −18°C. After blood sampling, BCS and RTS were performed and recorded on scales from 1 to 9 and 1 to 5, respectively, according to standardised protocols (Andersen et al. 1991; Marston 2005) . Frozen serum samples were delivered to the clinical pathology laboratory at the Faculty of Veterinary Science of the University of Pretoria within 2 days of sampling. Serum was stored at −80°C for a maximum of 30 days prior to testing using an auto analyser machine (Cobas Integra 400 plus; Roche, Switzerland).
Pregnancy status and foetal age (in days) was determined by a single investigator (TT), either by transrectal palpation, or transrectal ultrasonography if the stage of pregnancy was judged to be less than 56 days by palpation (Sheldon and Noakes 2002; Romano et al. 2006; Youngquist 2007) . Ultrasonography was performed using a portable ultrasound machine with a 3.5-to 5-MHz linear transducer (CTS900V, Shantou Institute for Ultrasonic Instruments, China). Records of the days that heifers were observed to be mated, when available, were used to verify accuracy of the estimated foetal age. Days to pregnancy (DTP) was calculated as the total number of days from the start of the breeding season to pregnancy examination minus the estimated foetal age.
Informed consent was obtained from all herd owners prior to sampling and typical farming practices continued throughout the study. Farmers were not informed of the BUN, BCS, and RTS data prior to pregnancy testing.
Statistical analysis
Data normality was assessed by plotting histograms, calculating descriptive statistics, and performing the Anderson-Darling test. Data satisfying the normality assumption were presented as mean±standard deviation (SD) and non-normal data were presented as the median and range (minimum, maximum).
Conditional logistic regression analysis was performed to measure the association between BUN concentration and subsequent pregnancy while adjusting for herd as the grouping factor and other potential confounders by including main effect terms in the models. Variables that caused 15 % or greater change in the odds ratio (OR) for BUN concentration when included in models were considered important confounders.
Stratified Cox proportional hazards analysis was performed to investigate the effect of BUN concentration on DTP. Heifers that did not become pregnant were right censored, and those that were lost to follow up were excluded from the analysis. Herd was included as the stratifying factor and other potential confounders were evaluated as main effects. Sampling day was forced into all models in herds where sampling required 2 days.
RTS and BCS were screened as ordinal variables and dichotomized when significant associations (P<0.2) with BUN were identified. Categorisation was performed based on the relative frequencies within each category. Specifically, RTS was grouped as 1 to 3 versus 4 and 5. Results for the ordinal coding were reported when categorisation did not suggest violation of the assumption of being linear in the natural logarithm on the odds or hazard scale. In addition to confounding variables, all variables with P<0.2 were entered into all multivariable models and removed one by one in a backward elimination process based on the largest Wald P values until only variables that were significantly associated with the outcome remained (P<0.05).
Data were analysed using commercially available software (IBM SPSS Statistics Version 20; International Business Machines Corp., Armonk, NY, USA; MINITAB Statistical Software, Release 13.32; Minitab Inc., State College, PA, USA).
P values less than 0.05 were defined as significant, values between 0.05 and 0.1 as borderline significant and values greater than 0.1 as not significant.
Results
A total of 369 heifers were sampled at the start of the study and 338 were present at the time of pregnancy examination. The overall age at breeding varied from 12 to 31 months ( Table 2 ). The mean body mass and BUN concentration (±SD) was 283±48 kg and 5.27±1.8 mmol l −1 , respectively. Heifers were generally in good condition (BCS ≥3), and there were no marked differences in BCS within and between herds. Pregnancy proportion varied from 41 % to 100 % and the median DTP (min, max) was 40 (4, 89).
The association between BUN concentration and pregnancy status overall was borderline significant (P=0.068) and was significant in Herds D and E (Table 3) (Table 4) .
Discussion
Heifers in this study were raised under typical South African commercial beef cow-calf enterprise conditions, where Age median age (in months), BCS median body condition score, BUN mean blood urea nitrogen concentration (mmol l −1 ), DTP median days to pregnancy, E 1 first day of sampling in Herd E, E 2 second day of sampling in Herd E, Mass mass of the heifers in kilograms, n sample size, PP pregnancy proportion, RTS median reproductive tract score, SD standard deviation a The exact ages of individual animals in this herd were not known. Only the month of birth was available researchers had no control over farming practices such as the sale of animals, provision of dietary supplements and the use of reproductive technologies (synchronisation and artificial insemination). Despite this lack of control, results from this study have an important practical application because they were obtained from commercially viable operations. Although many other variables are associated with pregnancy outcome (Chenoweth 2005) , these variables were not evaluated during the study. An assumption was made that such differences would be herd-level effects that could be adjusted by including herd in the statistical models to account for unmeasured variables. Herd, was forced into all models as a stratifying factor and other potential confounders were evaluated as main effects. To the knowledge of the authors, none of these, except energy, have a direct interaction with BUN in determining the pregnancy outcome.
BUN concentration was only determined once prior to the onset of the breeding season. However, it is likely that BUN concentration in the heifers continued to vary during the breeding season due to dietary and environmental changes. Nevertheless, since the environmental changes are likely to have affected all heifers in the herd in a similar way, and that urea concentration is genetically determined, it was assumed that those heifers that initially had a higher BUN concentration remained high relative to the rest of the herd throughout the breeding season. To the knowledge of the authors this hypothesis has not been previously tested. Since all the heifers in each herd were sampled on the same day under similar conditions (except for Herd E), it was therefore assumed that the measured BUN concentration reflects the distribution of relative BUN concentration in that herd. Since Herd E was sampled over 2 days, it was therefore necessary to force sampling day into all regression models to account for potential confounding.
The pregnancy proportion for Herds A, D and E was lower than the benchmark for beef cow-calf operations (>90 % pregnancy rate) with a 62-day breeding season (Chenoweth and Sanderson 2001) . The reason for the lower pregnancy proportion in Herds A and E is not clear, but is thought to be due to heifers in these herds being immature at the onset of the breeding season and probably not cycling. The long DTP in these herds strengthens the suspicion of immaturity at the onset of the breeding season. This is in agreement with the (Yelich et al. 1996; Berry et al. 2003) . The 100 % pregnancy proportion and relatively low DTP in Herds B and C was likely due to the heifers being mature and cycling prior to the onset of the breeding season. However it is important to note that Herd C utilized oestrus synchronisation and artificial insemination and these procedures are known to improve pregnancy proportion and reduce DTP (Xu and Burton 1999) .
Most authors advocate the use of pregnancy proportion and days to calving (DTC) as the most appropriate measures of reproductive performance (Meyer et al. 1990; MacGregor and Casey 1999; Eler et al. 2002) . In this study, DTP was used instead of DTC in order to exclude abortions and variations in gestational length, which are not expected to be related to BUN concentration.
It is the authors' opinion that in a restricted breeding season, DTP will be a better measure of reproductive performance than pregnancy proportion because if the breeding season had been long enough, most heifers would eventually become pregnant and pregnancy proportion alone would not differentiate heifers with good reproductive performance from those with poor performance.
Assuming that cycling occurs randomly in heifers, except in herds where oestrous synchronisation is practised, stage of the oestrous cycle when the breeding season commenced would have affected DTP in individual animals. Stage of the oestrous cycle at the onset of breeding was not known, however, because of the relatively large sample size, it was assumed that this imprecision (random error) did not negate the usefulness of DTP.
Pre-breeding BUN concentration was significantly associated with DTP but not pregnancy status in all herds combined. This suggests that high BUN concentration before the onset of the breeding season negatively affected the chances of becoming pregnant only early during the breeding season and that this effect was lost as the breeding season progressed. The first possible explanation is that some animals adapted to the increased BUN concentration as suggested by Calsamiglia et al. (2010) . Alternatively, BUN levels may have decreased during the course of the breeding season due to dietary changes. The latter option is highly possible because rumen degradable protein supplementation was stopped in all herds at the beginning of the breeding season. The results of this study are similar to those of Guo et al. (2004) , who showed that in among-herd analyses; MUN concentration had minimal effect on conception rate but was associated with greater days open. Ferguson et al. (1993) also showed that within dairy herds with mean MUN concentrations above 20 mg/dl, cows with higher MUN levels were associated with poorer conception at first service, but not at subsequent services. The short duration of the negative effects of high BUN concentration in these studies was probably due to the fact that dairy cows are usually bred for the first time while they are still adapting to lactational rations and experiencing high BUN concentrations (Jorritsma et al. 2003) .
It is thought that in dairy cattle, the negative effect of high BUN concentration might be exerted through the exacerbation of an underlying negative energy balance (NEB) and the energy costs of detoxifying large quantities of ammonia in post-partal cattle (Staples et al. 1990; Garcia-Bojalil et al. 1998; Overton et al. 1999 ). However, it can be assumed that beef heifers will not suffer from NEB as is the case in lactating dairy cattle. In this study, BCS was used as an indicator of the animal's energy reserves. This is widely supported in literature for both beef and dairy cattle (Wildman et al. 1982; Edmonson et al. 1989; Houghton et al. 1990 ). However, BCS has been shown to have lower accuracy in young growing cows because growing animals tend to have less fat deposits (Nicholson and Butterworth 1986) . The heifers in this study were at an optimum BCS (median=5) with little variation within and between herds. The lack of variation made it impossible to estimate the effect of BCS on reproductive performance.
Variation in the genetic ability to utilise nitrogen has been well documented (Mitchell et al. 2005; Bouwman et al. 2010; Hossein-Zadeh and Ardalan 2011) . It has been shown in dairy cattle that animals with better nitrogen retaining abilities have lower BUN levels (Nousiainen et al. 2004 ). However in an earlier review, Schoeman (1989) concluded that beef cattle with better nitrogen utilising abilities had higher BUN levels. Although the exact reason for the apparent lack of agreement in their conclusions is not known, it is hypothesised that the relationship between BUN concentration and nitrogen retention in beef cattle that are on natural grazing may be the opposite of what happens in dairy cattle due to the relatively lower dietary nitrogen intake. This would be due to more efficient recirculation of nitrogen during times of reduced dietary nitrogen intakes. The relationship of BUN and nitrogen utilisation efficiency in beef cattle under different levels of nitrogen intake needs further investigation.
Feeding high levels of rumen degradable protein (RDP) is known to down-regulate the efficiency of nitrogen recirculation (Marini and van Amburgh 2003; Marini et al. 2004 ), leading to higher BUN concentration and renal loss. If the above hypothesis is correct, then beef heifers with better abilities to retain nitrogen within herds that were supplied with potentially excessive levels of RDP might have lost their advantage and suffered more negative consequences from the effects of high BUN concentrations. This suggests that heifers with an improved ability to retain nitrogen within herds heavily supplemented with RDP (in order to achieve faster growth) are at risk of being culled for poor fertility in a restricted breeding system.
Conclusion
BUN concentration prior to the start of breeding was independently associated with reproductive performance of Bonsmara heifers, especially in herds where management included supplementation of dietary nitrogen to achieve early breeding.
It is recommended that production systems designed to achieve early breeding in beef heifers investigate whether oversupplying rumen degradable protein selects against animals with relatively high levels of BUN.
